mutations in separate loci. A comparison of the present findings with those of Demerec has shown that the four phenotypic groups are identical with the four transduction classes, which suggests that each group is characterized by a block in one of the steps of tryptophan biosynthesis and that each block is produced by mutation in one gene locus. The data are therefore consistent with the following biosynthetic pathway in which each step is controlled by a single gene:
Anthranilic Two quite distinct theories of protein synthesis are currently popular. One holds that amino acids are linked into small peptides which then serve as building blocks for the proteins. The other postulates that amino acids are individually adsorbed on a large template molecule and are then linked together into the polypeptide chains. This paper reports the results of studies of amino acid incorporation by growing Escherichia coli. The results furnish experimental evidence in favor of the template theory.
When E. coli cells (grown in a medium' containing glucose, salts, and ammonia) are washed and treated with cold 5 per cent trichloroacetic acid (TCA), a number of amino acids are extracted. These amino acids are transient intermediates of synthesis. When C'4-glucose is added to the medium, their specific radioactivity VOL. 41. 1955 863 rises more rapidly than that of the cell as a whole. They equally rapidly lose their radioactivity when the C14-glucose is replaced by C12-glucose. The radioactivity thus lost by the TCA-soluble fraction of the cells is transferred to the protein fraction. It therefore appeared that a study of the TCA-soluble fraction and its kinetic relationship to the protein fractions of the cell might throw some light on the mechanisms of protein synthesis. The quantity of individual amino acids occurring in the TCA-soluble fraction depends on the conditions of growth of these cells. In the absence of supplements, glutamic acid, alanine, and valine are major components, while traces of other amino acids are present, and proline and methionine cannot be detected. When amino acids (including proline and methionine) are added as supplements to the medium, they appear in the TCA-soluble fraction.
Since E. coli is highly permeable to amino acids, it appears that the amino acids extracted by TCA are held within the cell by a loose binding which can be broken by 5 per cent TCA. For simplicity in discussion these transient loosely bound amino acids will be referred to as "adsorbed" even though neither the site nor the nature of the binding has been identified.
The time course of adsorption and incorporation of amino acids into protein can be measured accurately by adding to growing cultures of bacteria small quantities of highly radioactive amino acids (25 per cent C14). To measure the total uptake of radioactivity, samples of bacteria were harvested by passing the suspension through porous collodion membrane filters, a process requiring only 5-10 seconds.
To measure the incorporation into the protein, samples of the cell suspension were injected into an equal volume of 10 per cent TCA and after 15 minutes at room temperature were filtered as described above. The incorporation of radioactivity into the whole cell and into the TCA-precipitable fraction could thus be measured under identical conditions. The difference gives the uptake into the TCA-soluble fraction of the cell and measures the adsorbed quantity of amino acid. Measurements have been made of the quantity of amino acid adsorbed. on the-filter in the absence of cells, and, where necessary, appropriate corrections have been made. A typical experiment proceeds as follows: The tracer amino acid dissolved in the culture medium is injected with a hypodermic syringe into a suspension of growing cells, giving complete mixing within 1 or 2 seconds. Samples are withdrawn with a small hypodermic syringe (arranged with a stop so that it delivers a constant sample size) and squirted onto the filter or into TCA. Figure 1 shows the results of an experiment measuring the uptake of C14-proline. After a lag of less than 10 seconds the proline is taken up into the compounds of the TCA precipitate at a constant rate until the supply in the medium approaches exhaustion. The total quantity taken up into the cell rises rapidly at first and then parallels the uptake into the protein. The difference between these two curves measures the quantity of adsorbed proline. This quantity rises rapidly at first, then remains constant for a period, and finally decreases as the proline is transferred to the protein after the supply in the medium is exhausted. The concentration of TCA-soluble proline per milliliter of cells is 500-1,000 times the concentration of proline in the medium, showing that the proline is bound in a nondiffusible form. The radioactive material extracted from the cells with TCA after a 1-minute exposure to C14-proline in a similar experiment has been shown to be authentic proline by paper-chromatographic fingerprinting.' We have not yet succeeded in removing the adsorbed proline from the cell and still preserving its association with other cellular components. The cold TCA precipitate has been further fractionated, and the results are shown in Table 1 . The distribution among the fractions of the cold TCA precipitate is similar to that observed for other tracers which label cellular proteins. Chromatography of these fractions before hydrolysis shows no separation of the radioactivity from the proteins. Chromatography after hydrolysis shows that the radioactivity is almost entirely in proline, with traces in glutamic acid and arginine. The adsorption of proline is highly specific. Figure 2 shows the uptake of C14w proline under the same conditions as those in the experiment of Figure 1 , except that fifteen other amino acids were added, each at 100 times the concentration of the proline. A proline contamination of 0.2 per cent in any of the other amino acids is sufficient to account for the slight difference between Figure 1 and Figure 2 . If the adsorption of proline were not specific, the quantity adsorbed would have been reduced several hundredfold. When the proline is supplied at high concentrations (104 M), a greater adsorption (20 FM/gmdry) is observed. In this case the adsorption is reduced by the presence of other amino acids. It thus appears that there are two types of sites: specific sites which are the only ones invoAlved VOL. 41, 1955 865 BIOCHEMISTRY: BRITTEN ET AL. at the low concentrations used in most of these experiments and nonspecific sites which become prominent at higher concentrations.
The adsorption process also requires energy. Figure 3 shows the results of an experiment in which cells which had exhausted the supply of glucose several hours previously were supplied C'4-proline. The (dotted line) show the incorporation when 0.1 per cent glucose tei and that the adsorption is a was added with the C'4-proline. C'4 proline concentra-specific process suggesting sites tion, 0.28 X 10-6 molar; cell concentration, 0.07 mg.
(dry weight) per ml.; temperature, 370 C. involved in protein synthesis. They do not tell whether it is necessary for the amino acid to pass through the adsorbed pool to be utilized for protein synthesis or whether the adsorption is merely a storage mechanism.
To distinguish between these alternatives, a suspension of cells was pretreated for 1 minute in a solution of nonradioactive proline to build up within the cell a pool of unlabeled proline; then labeled proline was added and a series of samples withdrawn. shape of the incorporation curve agrees remarkably well with a curve calculated on the assumption that the slope of the protein-incorporation curve is proportional to the radioactivity of the adsorbed pool. Since the cells were pretreated with unlabeled proline, the total amount of proline in the adsorbed state should be approximately constant until the exogenous proline approaches exhaustion. Thus, if the adsorbed proline is the only source of proline for the protein and supplies proline at a constant rate, the rate of entry of radioactive proline into the protein will be proportional to the radioactivity of the adsorbed pool. If even a few per cent of the proline entering the protein had by-passed the adsorbed state, it would have caused a detectable initial rise in the protein-incorporation curve. Thus it is clear that the adsorption process is a necessary step in the incorporation of exogenous proline into the protein. At 00 C. the adsorption is negligible, as might be expected in an energy-requiring process. However, exchange can occur. Growing cells were suspended in unlabeled proline for 2 minutes at 24°C. and then chilled to 0°C., the chilling process taking about 5 minutes. C14-proline was then added to the system and a series of samples taken. Figure 5 shows that the labeled proline entered the TCAsoluble fraction of the cell, but almost no incorporation into the TCA precipitate occurred. It appears that the external C14-proline exchanged with the C12-proline that was previously adsorbed at 24°C. and had remained on the sites during the chilling process. To show that exchange was occurring, a small amount of C12-proline was added after equilibrium had been approached. The amount of C14_ proline adsorbed then fell as a new exchange equilibrium was approached. Specificity for proline adsorption was again shown, since the equilibrium was not displaced by the addition of a hundredfold excess of each of fifteen other amino acids. In order to study the stability of the binding of the proline, a suspension was prepared as above. After exchange equilibrium at 00 C. had been achieved, the cells were exposed to various reagents at 0°C. The data of Table 2 show that the adsorbed proline is freed from the cells by mild treatment-small shifts in pH or moderate concentrations of ethanol. It is indicated that the proline is not held by stable chemical bonds. reagents in the proper amounts to bring the final suspension to the condition described in the second column. After 10 minutes these suspensions were filtered, and the fraction of the TCAsoluble proline that had been extracted was calculated from the radioactivity of the precipitate. These studies have been conducted chiefly with proline, but the principal points have also been checked with methionine. These two amino acids are particularly suited, as they are end products rather than intermediates of amino acid synthesis and are not extensively degraded by the cells. Furthermore, they are not present in growing cells (in the 'adsorbed state) in any appreciable quantity unless they are added as supplements to the medium. Some observations have been made using other amino acids, including glutamic acid, alanine, valine, tyrosine, phenylalanine, arginine, and lysine. In all cases the adsorption can be observed and distinguished from incorporation into proteins by kinetic measurements of the type described above. In addition, mixtures of fifteen labeled amino acids have been added and chromatograms made of the TCA-soluble fractions of successive samples. Those amino acids which are normally present in appreciable quantities when the cells grow in the glucose-ammonia medium (glutamic acid, alanine, and valine) show radioactivity in the TCA-soluble fraction for some time, whereas the radioactivity of the others is more rapidly incorporated into the protein.
No radioactive compounds in addition to the amino acids supplied were observed in the TCA-soluble fraction. These conditions would be very favorable for the detection of small peptides. As shown above, the adsorption of proline and methionine is highly specific and requires energy. If the amino acids were converted into an "active" form, receiving energy from a common source before being adsorbed, it would be expected that an excess of other amino acids would compete for the energy source and would thereby interfere with the adsorption of proline and methionine. Since this does not occur, it seems reasonable to believe that the energy is utilized to prepare the site for subsequent adsorption of the amino acid. VOL. 41, 1955 869 BIOCHEMISTRY: GILFORD AND PRICE there should be 25 ,uM of sites available. This is more than adequate to account for the 3-5 /AM of specific binding observed.
The formulation of a general theory of amino acid incorporation into proteins on the basis of these observations with proline and methionine would not be justified. However, any model of protein synthesis must provide a means of selectively locating amino acids and must provide the energy to form the peptide bonds. These studies of proline and methionine incorporation give an experimental demonstration of the operation of these two important processes in the synthesis of protein. 
